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CORRESPONDING AUTHOR: Christoph Kohlberger (e-mail: christophkohlberger@gmail.com).

This work was supported in part by Infineon Technologies Linz; in part by Silicon Austria Labs (SAL), owned by the Republic of Austria; in part by the Styrian
Business Promotion Agency (SFG); in part by the Federal State of Carinthia, in part by the Upper Austrian Research (UAR); and in part by the Austrian
Association for the Electric and Electronics Industry (FEEI). This work was performed in the course of a research project, jointly financed by Infineon

Technologies Linz and Silicon Austria Labs.

ABSTRACT This work presents the utilization of square ring slots as resonators on active and passive
metasurfaces operating within the Ka-band. Thereby, fully functional prototypes of reflectors and lenses
based on a two-layer printed circuit board were fabricated and verified. The analytical model of the
square ring slot structure is depicted extensively, which allows finding simulation optimized designs that
can be applied to the passive prototypes. Additionally, the gained information on self-resonances is used
for combinations with layers, activated through lumped varactor diodes. In the end, the reflection and
transmission parameters of single active and passive designs as well as beam patterns of the lenses are
measured and interpreted, resulting in a switching dynamic range of 15 dB at a bandwidth of 1 GHz for
active reflectors and a maximum gain of 22 dBi at 26 GHz for the passive lens. While the active lens operates
best approximately 1 GHz around the design frequency at 26 GHz, the passive one maintains a maximum
gain higher than 20.8 dBi between 23 and 27 GHz.

INDEX TERMS Active metamaterial, equivalent circuit, frequency selective surface, Fresnel lens, lens
antenna, reflect array, square ring slot, surface resonator.

I. INTRODUCTION
Metasurfaces remain a promising candidate to revolutionize
microwave and antenna technology as thin and lightweight
wave manipulating structures [1], [2], [3], [4]. Besides the
application of passive designs in e.g. perfect reflectors, wide
bandwidth absorbers or thin lenses, active metamaterial gains
interest from recent investigation in communication technol-
ogy and antenna systems [5], [6]. The potential of guiding
reflected and transmitted radiation by phase shifting surfaces
motivates academic as well as industrial research.

Thin lenses from passive metasurfaces operating up to very
high frequencies were designed, fabricated, and tested suc-
cessfully in the past decade. On the one hand, this was made
possible by utilizing multilayer structures that behave similar
to high order bandpasses and therefore exhibit sufficient phase

shift while providing high transmission [7], [8], [9], [10], [11].
Thereby, the individual layers consist of simple grids or patch
arrays that behave either inductive or capacitive [12]. On the
other hand, additive manufacturing can be used to modify
the density of dielectric material and hence its permittivity.
The effects of such 3-D printed lenses can be enhanced using
additional metal structures [13], [14], [15]. Besides this, re-
flectors with partly more complicated layer designs that are
connected to active components are capable of absorption
tuning [16], [17] and beam steering [18], [19]. At reflecting
surfaces, lower order scatterers already provide enough phase
shift to properly manipulate waves, enabling fully functional
systems on two-layer structures. In this work, periodically
arranged square ring slots (SRS) are used to build active
and passive transmit arrays on simple double layer printed
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FIGURE 1. Basic build-up of passive (a) and active (b) 2-layer PCB with
SRS structures RO4350 dielectric. The images show the periodicity D and
radial element position r from the array center.

circuit boards (PCB) as shown in Fig. 1. The SRS exhibits
thereby a first order resonance on a solitary metal sheet, as the
corresponding equivalent circuit (EQC) consists of a shunt
capacitance and a shunt inductance. Analytical expressions
for the corresponding EQC components can be derived from
investigations on the square loop [20], [21], [22], which was
presented in [23]. There, both structures are examined analyti-
cally, with simulations, and through measurements. Resulting
expressions are similar to those of simple grids and patch
arrays from [12], [24], [25], enabling to solve the inverse
metamaterial design problem. The same concept can be ap-
plied to more sophisticated meander loops and slots [26], [27]
to induce additional capacitance and inductance.

Consequently, the combined shunt capacitance and in-
ductance of single SRS layers can be incorporated into
EQCs of multi-layer systems that represent higher order
bandpasses [28], [29], [30]. The simplified model of EQC
components and evanescent interactions between the lay-
ers, however, corrupt the behaviour of analytically designed
bandpass structures [31], [32]. Therefore, multi-layer systems
often require optimization through iterative full-wave simula-
tions [10].

Since active or passive lumped elements exhibit intrinsic
resonances themselves, their application to simple meta-
surfaces result in promising behaviour especially at high
frequencies [33]. As for surfaces without discrete circuit el-
ements, the combination with resonating structures as e.g.
SRS can increase the resonance order of the whole system,
enabling sharper notches or operation across a broader fre-
quency band [31], [34], [35].

The work here, presents the utilization of established SRS
structures firstly on passive transmit arrays as thin lenses
and secondly in combination with active elements as tun-
able reflectors. Thereby, lenses that solely require two metal
layers are characterized in lens-antenna systems through
beam-pattern measurements and compared to similar existing
solutions. Active metasurfaces, consisting of SRS structures
on the one side and varactor biased slits on the other side, are

FIGURE 2. (a) Simplified electrodynamic behaviour of an SRS under an
alternating vertically polarized electric field E . The black arrows
correspond to current densities resulting in self-inductance. Accumulated
charges at the structure edges lead to capacitive effects between the grid
and the patch and within the grid itself (grey arrows). (b) Structure
dimensions that define the SRS and are related to the dominant EQC
parameters Lg and Cp.

designed by investigating self resonances and verified through
over-the-air (OTA) S-parameter measurements. Finally, the
active SRS designs are utilized on an active double layer lens.

II. SQUARE RING SLOT MODEL
As stated above, a single layer SRS corresponds to a par-
allel LC shunt, where the EQC parameters are strongly
related to those of simple grids and patch arrays [23]. To
illustrate this, Fig. 2 depicts the induction of surface currents
and charge separation at a metasurface under an alternating
electric field. These effects can be related to inductive and
capacitive behaviour, where the magnitudes of corresponding
circuit parameters are mainly related to the structure dimen-
sions. The inductance of the outer grid Lg depends on the
structure periodicity D and the grid width wg, which coincides
with the EQC solution for plain grids

Lg = μ0D

2π
log

(
1

sin
(wgπ

2D

)
)

. (1)

The capacitance from the gap between the grid and the inner
patch defined by wp, however, corresponds to the equivalent
capacitance of a patch array with two modifications. Firstly,
the unit cell of a patch array compares rather to the inner
part of the grid than to the whole SRS unit cell. Therefore,
the expression D′ = D − wg − wp replaces the array period-
icity D in the capacitance formula. Secondly, there are two
subsequent gaps within a SRS unit cell, resulting in a series
connection and subsequently a reduction of Cp by half. Both
changes result in

Cp = ε0εeffD′

π
log

(
1

sin
(wpπ

2D′
)
)

(2)

with εeff = (εI
r + εII

r )/2, where εI
r and εII

r are the material
permittivities at both sides of the surface.

Even if the EQC parameters above do not consider the
inductance of the patch Lp or the capacitance between the grid
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FIGURE 3. (a) Simple EQC of SRS structures on a two-layer PCB with
thickness t and permittivity εr. (b) Modified EQC, where the tranmission
line in (a) is replaced by shunt capacitors and a series inductance, as
in [29]. This circuit can be directly related to a 2nd order bandpass.

rods, the resulting resonances are close to more sophisticated
solutions presented in e.g. [23]. This is important as compli-
cated formulas often cannot be solved in closed form for wg

or wp, which indeed is essential for generating metasurface
bandpass designs. The solution for wg is straight forward and
results in

wg(Lg) = 2D

π
arcsin

[
exp

(
− Lg

μ0

2π

D

)]
. (3)

To solve expression (2) for wp, a further simplification needs
to be conducted as wp is also in D′. Assuming that the gap
width is small compared to D − wg, which is valid for all the
generated bandpass designs, wp is well approximated by

wp(Cp) ≈ 2(D − wg)

π
arcsin

[
exp

(
− Cp

ε0εeff

π

D − wg

)]
.

(4)
Now that the EQC parameters of the SRS can be converted
into a structural design through (1)–(4) from [12], [23], it is
possible to deterministically utilize multilayer combinations
as bandpasses. Thereby, every layer corresponds to a single
resonator with the number of layers being equivalent to the
filter order.

III. OPTIMIZATION IN COUPLED RESONATORS
In the following, 2nd order bandpass designs with different
center frequencies around 26 GHz are generated and opti-
mized. This results in easy to fabricate two-layer systems that
can be built from standard printed circuit board material. A
corresponding EQC of these designs is depicted in Fig. 3(a),
with the center transmission line representing the dielectric.
For thin slabs, this transmission line can be replaced by shunt
capacitors Cd with a series inductor Ld in between, resulting in
the circuit in Fig. 3(b). One sees that the SRS inductance Lg,i

resonates with the total capacitance C′
i = Cp,i + Cd formed

by the SRS structure and the dielectric. The remaining series
inductance Ld couples between the two resonators.

The required bandpass circuit elements can be generated
similarly as in [29] and [30] from normalized quality factors
and coupling coefficients. For a 2nd order Butterworth fil-
ter, the quality factors read q1 = q2 = √

2 and the coupling

factor is k = √
1/2 with generator and load impedance being

matched r1 = r2 = 1. The total capacitance per layer is then
calculated by

C′
i = qi

ωcη0riδBW
, (5)

where ωc = 2π fc is the angular center frequency and
δBW = BW/ fc is the relative filter bandwidth. Furthermore,
the quality factors qi were renormalized by the vacuum wave
impedance η0 = √

μ0/ε0. With the capacitances above, the
expression for the resonator inductance, which is equal to the
inductance needed at the SRS, reads

Lg,i = 1

ω2
c (C′

i − kδBW
√

C′
1C′

2)
. (6)

The coupling inductance

Ld = 1

ω2
c kδBW

√
C′

1C′
2

(7)

is directly proportional to the PCB thickness t according to

t = Ld

μ0μr
. (8)

With the PCB thickness being defined, the capacitance of the
SRS Ci can be calculated through

Cp,i = C′
i − ε0εrt

2
. (9)

Expressions (8) and (9) approximate short transmission lines
through a shunt capacitance and series inductances and are
found in e.g. [29]. Now that all the equivalent circuit param-
eters of the bandpass are evaluated, it can be related to an
actual metasurface by utilizing formulas (3) and (4). How-
ever, as described in [10], [11], mutual coupling that is not
considered in the EQC as well as a variation of the required
PCB thicknesses over different designs corrupt the frequency
responses of the bandpasses. As in the former works, this
issue was overcome by automated gradient optimization on
the metasurface bandpass designs.

The optimization procedure was performed on 12 Butter-
worth filters with center frequencies fc varying from 18 GHz
to 30 GHz and a bandwidth of 11 GHz. Thereby, initial EQC
calculations resulted in high coupling inductances Ld, leading
to very thick dielectrics for most of the bandpass designs.
Since the maximum thickness of the chosen RO4350 material
(εr = 3.4 [36]) was limited to t = 1.5 mm, that value had to
be applied to Cd in (9) for all structures. Certainly, this did not
affect the frequency responses of the ideal bandpasses, as the
total capacitance C′

i remained untouched. However, it influ-
enced the extracted SRS capacitance Cp,i to better represent
the simulated and subsequently manufactured metasurfaces.
The metal structures of the PCB consisted of 15 μm thick cop-
per covered by a nickel/gold coating, which was approximated
by a two-dimensional perfect conductor in the simulations.

During the optimization, a simulation-based steepest de-
scent method, adjusted the design parameters corresponding
to wg and wp of the two layers systematically, until the meta-
material bandpass designs matched the analytical frequency
response closest. Obviously, the analytical parameters of the
first surface wg,1 and wp,1 are equal to those of the second
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FIGURE 4. Frequency responses of analytically extracted and optimized bandpass designs with two different center frequencies. The solid blue curve
describes the response of an ideal bandpass corresponding to Fig. 3(b). The dashed curve stands for the simulation results of the analytical design. The
finally optimized frequency response, where the simulation matches the ideal bandpass closest, is plotted in orange.

wg,2 and wp,2 due to the symmetry of the bandpass. Nev-
ertheless, the bandpass designs were optimized using four
independent parameters since the fit may require asymmetries
over the broad frequency band. The structure periodicity was
thereby set to D = 4 mm.

Optimization examples for two different bandpass designs
with center frequencies at 22 GHz and 26 GHz are presented
in Fig. 4. The difference between the ideal bandpass and the
simulated structure with analytically extracted parameters for
t = 1.5 mm are shown together with the optimized frequency
response. One can see that the simulation matches the fre-
quency response of the ideal bandpass well in the Fig. 4(a),
resulting in an almost consistent curve for the optimization.
However, in Fig. 4(b) the simulated response of the analytical
design differs from the ideal bandpass. Here, the optimiza-
tion shifts the final design back to higher frequencies such
that it looks similar to the result in Fig. 4(a). It needs to be
mentioned that the extracted thickness from (8) matches the
actual PCB stack best for the 30 GHz design, but increases
with lower center frequencies. Therefore, the deviation be-
tween ideal bandpass and simulated design does not solely
originate from the fixed PCB thickness, but more from the
poor validity of the short transmission line approximation.
The optimized structures can finally be utilized as phase
shifters. Resulting design parameters of the analytical and op-
timized solution for the two presented examples are shown in
Table 1.

For a better comparison of the analytically generated and
simulation optimized resonators, the extracted design param-
eters are plotted over transmission phase shift at 26 GHz

TABLE 1. Design Parameters of the Ideal Bandpass and Simulation-Based
Optimization

in Fig 5. As in [11], linear regression was performed on
wg and wp from single designs. Examining the resulting
regression lines, the calculated grid width from (3) is on
average 0.06 mm smaller than the optimization fit, which cor-
responds to a generally lower layer inductance. Additionally,
one can see that the fitted patch gap is rather constant for
the optimized designs, whereas the calculated one reduces
with increasing phase shift. This implies that the optimiza-
tion mainly affects the single layer SRS capacitances. Further
relating wp and wg leads to a reduction of Cp,i with increasing
SRS grid width. A potential empirical modification of (4)
would read then

w
emp.
p (Cp) = 2(D − wg)

π
arcsin

[
exp

(
− Cp

ε0εeff

π

D

)]
, (10)

where D − wg in the denominator of the exponential function
is replaced by the original periodicity D. Corresponding re-
sults for the empirical SRS gap widths are again presented
in Fig. 5. Obviously, this adjustment is strongly bound to
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FIGURE 5. Design parameters obtained from the bandpass optimization
are plot over transmission phase shift, as in [10]. Linear regression over all
wg and wp results in a general relation between these parameters and the
phase shift. The black dashed, dot-dashed, and dotted lines correspond to
the EQC parameters extracted from analytic bandpass solutions.

FIGURE 6. Surface resonance frequency fs plotted over transmission
phase shift for optimized SRS structures and EQC design results. The
defined bandpass center frequency fc is added as dotted line.

the results of the optimization procedure and therefore differs
from the ideal bandpass designs. However, resulting structures
could be utilized without the need of comparably sophisti-
cated gradient optimization.

To investigate the surface resonances of the analytical de-
signs and optimized structures, the SRS grid parameters from
Fig. 5 are transformed to EQC parameters ((1) and (2)) and
further converted into their surface resonance frequencies

fs,i = 1

2π

√
Lg
(
wg,i

)
Cp
(
wg,i,wp,i

) . (11)

Corresponding results are presented in Fig. 6. Here one
can see that the deviation between analytical and optimized
SRS parameters from Fig. 5 leads to increasing resonance
frequencies for the optimized designs compared to the EQC
solutions. A better fit can be achieved by calculating fs from
the empirically adjusted gap width. Furthermore, an uncou-
pled system, where the two SRS surfaces are sufficiently apart
and not connected through dielectric material, would exhibit
same values for fc and fs,i. However, the inter-layer coupling

FIGURE 7. Simplified EQCs of (a) varactor soldered to a strip array and (b)
the proposed active metasurface with varactors strip array on the left and
SRS structures on the right side of a dielectric slab, similarly found in [33].

approximated through Ld and capacitive effect of the dielectric
Cd result in higher surface resonance frequencies, even for the
EQC solution. In the following, the gained information about
SRS surface resonances is used for combinations with active
metasurfaces.

IV. SRS COMBINED WITH ACTIVE METASURFACE
The reflectivity of a simple strip array can be tuned by con-
necting adjacent strips with capacity controllable varactor
diodes and biasing them collectively [33]. Since this con-
cept utilizes only a single periodic metal layer, it can be
combined with the here investigated SRS structures on a two-
layer PCB. The EQC of a corresponding example is shown
in Fig. 7. As in [33], the series RLC connection on the
left side of the simplified EQC corresponds to the varactor
diode with tunable capacitance Cv, component inductance L,
and resistance R including mounting parasitics. The periodic
strip array beneath the varactors behaves capacitively under
TM polarized radiation and is therefore represented by Cs.
The shunt capacitance Cp and inductance Lg on the right
correspond to the SRS structure at the opposite side of the
PCB.

To generate active surfaces that are applicable to lenses
and reflectors, the tunable slit array is simulated in combina-
tion with different SRS structures. Thereby SRS designs are
selected, which exhibit center frequencies within the tuning
range of the active grid. In [33], the active metasurfaces were
realized with varactor diodes MAVR-000120-1141, bridging
a slit gap of ws = 0.2 mm. This resulted in EQC parameters
R = 3.75 �, L = 0.38 nH, and Cv between 0.149 pF and
1.0 pF. Investigating solely the active layer with a periodicity
of D = 4 mm on a t = 1.5 mm thick RO4350 PCB gives EQC
resonances between 22.5 GHz and 32.2 GHz. The same tuning
range is obtained from HFSS simulations with the correspond-
ing RLC boundary parameters Rsim = 4.1 �, Lsim = 0.05 nH,
and Csim from 0.105 pF to 1.25 pF.

V. INVESTIGATION OF FABRICATED SRS STRUCTURES
The optimized, passive SRS metasurfaces as well as the above
described combinations with a tunable grid were examined as
in [11], [33] on a quasi optical bench [37]. The corresponding
measurement setup is depicted in Fig. 8. Like in previous
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FIGURE 8. Quasi optical bench used to investigate reflection and
transmission properties of the designed metasurfaces through OTA
S-parameter measurements.

FIGURE 9. Measured and simulated transmission parameters of three SRS
bandpass designs that were eventually applied to passive SRS lenses. The
simulated S-parameters are shifted by 1 GHz to lower frequencies.

works, the presented frequency responses are time-gated to
suppress ripples from reflections between antennas and lenses
in the build-up.

In the presented S-parameters plots in Figs. 9 and 13, all
simulated frequency responses are shifted down by 1 GHz
to better depict the strong correlation between measurements
and corresponding HFSS results. This generally present offset
could originate from a remaining mismatch between the ef-
fective permittivity εr used for simulations and design and the
actual anisotropic value of the PCB.

For the passive two-layer SRS lenses, several bandpass
designs with interpolated parameters were simulated and uti-
lized depending on their transmission magnitude and phase
shift. The good conformity of the three frequency responses
in Fig. 9 indicates that the created lenses function as expected.

FIGURE 10. Image of lens-antenna beam pattern measurement in
anechoic chamber. A horn antenna excites the SRS lens (fL = 60 mm) on a
rotary table. The transmitted radiation power is measured over the
rotation angle with a second antenna in far-field distance.

FIGURE 11. Beam patterns of solitary horn and fL = 60 mm lens-antenna
measured at different frequencies. (a) Wide angle plot with side-lobes
visible. (b) Detailed plot around maximum.

However, their maximum gain is shifted with the simulated
S-parameters 1 GHz below their actual design frequency. The
same applies to the investigated active structures in Fig. 13,
where the coloured, solid lines represent measurements and
the unfilled markers depict corresponding HFSS results. Here,
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FIGURE 12. Beam patterns of solitary horn and lens-antenna with
different focal lengths in millimeter.

the good agreement between measurement and shifted sim-
ulation is a strong argument for the simple model in Fig. 7
and [33].

The additional resonance order from the SRS layer on the
back side of the active PCB improves its capability as tun-
able reflector. Compared to the design in [33], the presented
structures exhibit a broader tuning bandwidth on the one hand
and an increased switching dynamic range on the other hand.
Used SRS designs with interpolated phase shifts of −70◦ and
−45◦ correspond to the center frequencies f −70◦

c ≈ 27 GHz
and f −45◦

c ≈ 29 GHz. Additionally, one can assume from [33]
that the resonances of the single active surface at 5 V and 8 V
are f 5 V

a ≈ 23.5 GHz and f 8 V
a ≈ 25 GHz, respectively. The

resulting notches at 5 V in Fig. 13(a) and 8 V in Fig. 13(b)
lie between those two frequencies around their geometrical
mean. At these frequencies, both reflectors exhibit a switching
dynamic range of around 15 dB with a bandwidth of approxi-
mately 1 GHz.

Besides the application as reflectors, the active metasur-
faces can also be used for transmission purposes. The plots in
Fig. 13(c) and 13(d) exhibit transmission magnitudes above
−5 dB for a broad frequency range, enabling the utilization
as tunable OTA filters. Furthermore, the surfaces are capable
of switching between different transmission phase states, even
if the low bandpass order does not allow phase variation over
the whole 360◦. However, the combination of several active
designs on a single PCB can be used to build active lenses.

VI. PASSIVE LENSES
To build the metasurface lenses, interpolated SRS structures
exhibiting different transmission phase shifts arg(S21) are
placed on radial positions r at the PCB such that incident,
parallel wavefronts interfere constructively at the defined
focal plane after transmission. As in [10], [11], [38], the SRS
designs have to correct for the phase difference

�ϕ =
√

r2 + f 2
L − fL

λ0
· 360◦ (12)

that originates from a variation of quasi-optical path lengths,
where λ0 is the wavelength at the design frequency at 26 GHz
and fL is the distance between the metasurface and focal
plane, as shown in Fig. 3 in [38].

An SRS lens with a focal length of fL = 60 mm is shown
in Fig. 10, where the performance of the lens-antenna is com-
pared to the solitary antenna by measuring the beam pattern
of both systems. Thereby, the receive antenna, approximately
3.2 m away from the rotary table, as well as the transmit
antenna behind the lens exhibit a maximum gain of 14.6 dBi
at 26 GHz. For the antenna-lens combination, the distance
between the horn’s aperture and the metasurface d was chosen
to be 11 mm shorter than the focal length i.e. d = fL−11 mm,
to correct for the phase center position inside the horn antenna.
All fabricated passive metasurface lenses exhibit a diameter of
dL = 95 mm.

In Fig. 11, the gain of the fL = 60 mm SRS lens is inves-
tigated at different frequencies. One can see that the highest
maximum gain of G60 mm = 22.9 dBi with a 3 dB-beam width
of 11.3◦ for the main lobe occurs at 25 GHz, which is
1 GHz lower than the actual design frequency. This is due to
the above mentioned shift between measured and simulated
frequency responses, as the transmission magnitude of all
bandpass structures is corrupted by simulation model mis-
matches. However, examining the main lobe shape and first
side lobe levels of the different measurements, the 26 GHz
beam pattern looks superior. Firstly, the side lobe level ratio
at 26 GHz is −26 dB, whereas it only comes to −23 dB at
25 GHz. Secondly, the main lobe at 26 GHz lies closer to the
beam pattern of an ideal source, indicating better wavefront
shaping by the different bandpass designs.

Besides the investigated metamaterial lens above, other de-
signs exhibiting focal lengths of fL = 40, 50, and 70 mm were
fabricated and verified. The corresponding beam patterns are
shown in Fig. 12, where the main lobes become broader with
decreasing maximum gain for shorter focal lengths. This in-
dicates that the comparably high gain of the horn antenna
leads to selective excitation of the SRS bandpasses. At shorter
focal lengths, the feed antenna was placed closer behind the
metasurface lens, which resulted in a smaller illumination
area for constant feed gain. Hence, the effective radiating area
of the lens becomes smaller and its far-field characteristics
suffer. Otherwise, this means that more compact systems with
smaller lenses can be built at cost of the maximum gain. De-
pending on the maximum gain resulting from different lenses,
their effective aperture area Ae and aperture efficiency ea can
be calculated through

Ae = G fL λ2

4π
(13)

and

ea, fL = Ae
4

d2
Lπ

= G fL

(
λ

dLπ

)2

. (14)

For the lens antennas in Fig. 12, the aperture efficiencies read
ea, 40 mm = 13.3%, ea, 50 mm = 17.1%, ea, 60 mm = 23.4%, and
ea, 70 mm = 22%.
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FIGURE 13. Comparison of OTA S-parameter measurements (lines with solid markers) with HFSS simulations (open markers) on two active SRS
metasurface designs. The simulated S-parameters are shifted by 1 GHz to lower frequencies. Reflection parameters of combination with −70◦-design (a)
and −45◦-design (b). Transmission parameters for combination with −70◦-design (c) and −45◦-design (d).
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TABLE 2. SRS Lens Performance Compared to Other Thin Metasurface
Lens Solutions

A comparison to other passive metamaterial lenses from
bandpass unit cells is presented in Table 2. In [8] and [9],
the radiation patterns of beams along the optical axis are
merely simulation results, which might be a reason for their
outstanding aperture efficiency. Nevertheless, reference [9]
presents measurements for a lens featuring a 30◦-tilted beam,
where the maximum gain is about 2.5 dB lower than at the
simulations. With this, the corresponding aperture efficiency
comes down to 24.3%. Besides, the measured gain and aper-
ture efficiency of the SRS lens antenna is comparable to
the author’s previous metamaterial lenses, although the used
bandpass structures are only of second order.

To optimize the lens system’s performance, incident angle
dependent transmission phase shifts have to be taken into
account in the PCB design process. Additionally, the chosen
excitation antenna needs to illuminate the whole effective lens
area but should not radiate further sideways. Side lobes can
be suppressed by tapering the transmission magnitudes of
bandpass designs at the lens border.

VII. ACTIVE LENS
Additionally to the passive lenses above, different active SRS
combinations, presented in Section IV, were used to create
an active, phase shaping design that operates at 26 GHz.
Thereby, the 60 × 60 mm2 active lens focused merely along a
single dimension, as the slit array combinations allow tuning
voltage variations only within one direction. Perpendicular
to the tunable slits, SRS designs were placed symmetrically
around the center line, variing with the radius. This helped
maintaining sufficient transmission phase shift across the lens,
as the phase variation from electrical tuning is limited within
the transmission band (see Fig. 13).

Similar to the beam pattern measurements on passive
lenses, a rotary table that was located 3.5 m apart from a
receiving horn antenna was used. With the active metasurface,
however, the antennas were rotated by 90◦, as the slits have to
be excited under TM polarization. Furthermore, the different
slits were biased through clamps that were mounted on the ro-
tary table. Images of the build-up with metasurface are shown
in Fig. 14(a) and 14(b).

With the given restrictions above, the active metasurface
lens should be able to tune its observed focal length and switch
to reflection mode, where transmission is blocked completely.

FIGURE 14. Images of active lens-antenna measurements from the
front-left (a) and from the back (b). The varactors at the front are biased
through connections to the grid. The back side shows a variation of SRS
structures from the center to the edge of the sample.

This is achieved by calculating the required transmission
phase shifts at the different unit cell positions for the focal
lengths 45 mm (“focus I”) and 60 mm (“focus II”) and se-
lecting corresponding designs that can represent both phase
states. These states are presented in Table 3, together with
the corresponding SRS design. The necessary varactor bias
voltages between two sides of each slit for the three lens
states are shown in Table 4. It is mentionable, that the 75◦
transmission phase shift of the outer elements in “focus I”
cannot be achieved by the two layer system and was therefore
set to “reflect”.

Resulting beam patterns of the active antenna-lens
combination are shown in Fig. 15, where three bias
states at different focus distances d are compared to
the pattern of the reference horn antenna. One can see
that the maximum gain of all the beams are close to or below
the 14.6 dBi of the horn, which is around 7 dB lower than
for the passive lenses. However, this is firstly explained by the
one-dimensional focussing of the lens, which approximately
halves the additional lens gain (−3.7 dB for the “focus II”
state), and secondly by the transmission losses of the meta-
surface (3 to 4 dB). Due to the already focused excitation of
the horn antenna, the smaller size of the active lens compared
to the passive one does not matter significantly. The active
lens’s aperture efficiency is calculated with an aperture area
of 60 × 24.1 mm2 and results in ea, focus I = 16.4% for bias
state “focus I” with d = 34 mm and ea, focus II = 23.1% for
bias state “focus II” with d = 49 mm. Here, the 60 mm are
related to the lens’s side length and the 24.1 mm correspond
to the long side of the horn feed.

As expected from Fig. 13, nearly all the radiation is blocked
in the “reflect” state with all varactors being biased with 16 V.
In the “focus I” state, where the focal length should exhibit
fL = 45 mm, the maximum gain is larger for shorter distances
between antenna aperture and lens. At the same time, the

424 VOLUME 4, NO. 3, JULY 2024



TABLE 3. Required Transmission Phase Shift and Used SRS Designs for the 15 Varactor Columns

TABLE 4. Varactor Bias and Grid Element Voltages

FIGURE 15. Beam patterns of solitary horn and active lens-antenna measured at 26 GHz. Variations of distance between horn aperture and lens d in mm
with varactor bias “focus I” (a) and “focus II” (b).

maximum gain lies higher for longer distances at the “fo-
cus II” state ( fL = 60 mm). This coincidence well with prior
expectations. Besides the switching between focusing states,
the active lens is capable of transmission tuning with at least
12 dB dynamic.

VIII. CONCLUSION
This paper presents the comprehensive investigation of two-
dimensional split ring slot structures that are utilized as phase
shifting bandpass elements. Thereby, existing approaches are
used to model their equivalent circuit parameters, which are
further needed to deterministically simulate 2nd-order scat-
terers on a two-layer PCB. Optimized design parameters are
put into relation with transmission phase shifts and oscillation
frequencies. In the end, this information is used to generate

active and passive phase manipulating devices that were fab-
ricated and verified.

Considering the fact that all metasurfaces are based on
simple two-layer structures, passive lenses exhibit close to
ideal beam patterns with high maximum gain at simultane-
ously low side lobes. Additionally, the tuning bandwidth and
switching dynamic range of presented active reflectors are
significantly higher compared to other solutions operating at
similar frequencies. The active lens design shows clear dis-
tinctions between the beam patterns of the different switching
states. These findings may be utilized in future radar systems,
where an adjustable field-of-view and high gain is of great
interest for automated processes in. e.g. automotive or indus-
trial environments.

Nevertheless, to enable full beam steering through active
lenses, the tuning range between transmission phase shifts
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needs to be increased. This would be possible by combining
multiple active layers, which can be additionally supported
by split ring slot structures. Generally, a higher number of
metal sheets at the metasurface would increase the number of
surface resonators and consequently the performance of lenses
and reflectors.
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